ABSTRACT C 6 F 12 O has been introduced as a potential substitute to the most greenhouse gas SF 6 used in the medium-voltage (MV) electrical equipment due to its great insulation and environmental performance. While there are few studies on the compatibility between C 6 F 12 O and metal materials used in the equipment which needs to be investigated and understood to avoid the negative impact on the material or gas. In this paper, we carried out experimental and theoretical studies on the interaction between C 6 F 12 O and copper, silver, aluminum. We found that the interaction between C 6 F 12 O and copper, aluminum introduces fluorine to the metal surface and generates some metal oxide. There was no significant change in the element composition and surface chemical states of silver after interacting with C 6 F 12 O. The interaction mechanism between C 6 F 12 O and copper, aluminum is attributed to the chemical adsorption and the interaction between C 6 F 12 O and silver belongs to the physical adsorption. The compatibility between C 6 F 12 O and silver is greater than that of copper, aluminum. Relevant results provide a reference for the design and manufacture of equipment using C 6 F 12 O gas mixture as the insulating medium.
I. INTRODUCTION
Sulfur hexafluoride (SF 6 ) is widely used as the gas insulating medium in all types of electrical equipment due to its great insulation and interrupting performance [1] , [2] . However, SF 6 is recognized as one of the most greenhouse gas due to its long atmospheric lifetime (3200 years) and high global warming potential (GWP) value up to 23500 (100 years' time horizon) [3] - [5] . It is reported that the total mass of banked SF 6 worldwide in electrical equipment is in the order of magnitude of 10 5 tons and its concentration in the atmosphere has increased by 20% over the past five years [6] , [7] . In order to further reduce the potential climate problems caused by SF 6 , seeking for an environmental friendly insulating medium has become a hot topic in recent years.
Recently, the ketones C 6 F 12 O (1,1,1,2,2,4,5,5,5-Nonafluoro-4-(trifluoromethyl)-3-pentanone) with technical air or CO 2 as the background gas has been proposed as a great candidate to SF 6 [8] , [9] . C 6 F 12 O exhibits a superior dielectric strength 2.7 times that of SF 6 at atmospheric pressure, a GWP of approximately 1 and low toxicity (LC50 > 100000 ppm) [6] . However, the boiling point of C 6 F 12 O reaches to 49 • C and it can only be used with technical air or CO 2 . Over the past two years, several studies have been carried out on the insulation performance and decomposition characteristics of C 6 F 12 O. Mantilla et al. tested the power frequency and impulse voltage breakdown voltage of C 6 F 12 O-air gas mixture. It was found that the dielectric strength of gas mixture with 100 mbar C 6 F 12 O can reach to 30%-50% of pure SF 6 [8] . Zhang et al. tested the power frequency breakdown voltage and decomposition properties of C 6 F 12 O/N 2 gas mixture and found that the breakdown voltage of 3% C 6 F 12 O-97% N 2 gas mixture at 0.10 MPa is about 1.7 times that of pure N 2 . Several by-products such as CF 4 , C 2 F 6 , C 3 F 6 , C 3 F 8 , C 4 F 10 and C 5 F 12 were detected after discharge [10] , [11] . Overall, C 6 F 12 O has the potential to be used in medium-voltage (MV) equipment such as cubicle gas-insulated switchgear (C-GIS).
In addition, the insulating medium is surrounded by numerous materials such as metals and polymers in the electrical equipment [12] . The gas insulating medium must be chemically compatible with all these materials and the negative impact on the material or the gas over the lifetime of equipment should be taken into account. Thus the interaction between gases and materials need to be investigated and understood. Nowadays, there are few reports on the interaction between C 6 F 12 O and materials, which may pose a hidden danger to the application of C 6 F 12 O.
In this paper, we explored the interaction between C 6 F 12 O and metal materials (copper, silver, aluminum) used in the equipment experimentally and theoretically. Firstly, the compatibility tests of C 6 F 12 O with metal materials were carried out. The surface morphology, elemental composition of metal materials at different interaction stages were revealed. Secondly, the interaction models between C 6 F 12 O and copper, aluminum, silver were constructed and the adsorption energy, charge transfer and electronic properties (density of states, charge density difference) after interaction were explored based on the density functional theory (DFT). Finally, the compatibility between C 6 F 12 O and copper, aluminum, silver is evaluated. Relevant results provide an important guidance for the design and manufacture of gas insulated equipment (GIE) using C 6 F 12 O gas mixture. Figure 1 shows the schematic of the test process. The metal powder was put into the test vessel filled with C 6 F 12 O. Then the vessel was kept in a 25 • C incubator for aging test. The field emission scanning electron microscope (FESEM, Zeiss SIGMA) and X-ray photoelectron spectra (XPS) test were carried out after 70 days' and 125 days' interaction to characterize the surface morphology and element composition of metals. XPS data were recorded from a Thermo Scientific Escalab 250Xi spectrometer.
II. METHOD

B. THEORETICAL METHOD
In order to further explore the interaction mechanism between C 6 F 12 O and metals, we carried out theoretical calculations based on the DFT. All the calculations were performed using the DMol 3 code of Materials Studio [13] - [15] .
The Cu(1 1 1), Al (1 1 1) and Ag (1 1 1) surface were modeled by a four atomic layers slab with a 5×5 unit cell, and each slab is separated by a 20 Å vacuum layer. The bottom two layers were fixed and the other layers were allowed to relax. There are four main adsorption sites of Cu (1 1 1 (1 1 1) (1 1 1) surface. The above four different characteristic functional groups of C 6 F 12 O locate at the other three sites were also considered and we totally built 16 initial structures for each metal to study the interaction process. All the initial structures were optimized using the generalized gradient approximation (GGA), within the PerdewBurke-Ernzerhof (PBE) functional to treat the exchange correlation effects of electron-electron interaction [16] . The double numerical plus polarization (DNP) basis set was chosen and the DFT semi core pseudopotential (DSSP) was also selected considering the relativistic effect of transition elements [17] . We also adopted Grimme method to describe the van der Waals (VDW) interactions [18] . It should be noted that the numerical basis sets implemented in DMol 3 code are more complete than the traditional Gaussian functions, thereby minimizing or even eliminating basis set superposition error (BSSE) [19] , [20] . The k-point sample of Monkhorst-Pack grid was set to 5×5×1 of the Brillouin zone and a global orbital cutoff of 4.5 Å was used. The energy convergence tolerance of 1.0×10 −5 Ha, maximum force of 0.002 Ha/Å, and maximum displacement of 0.005 Å was set during the geometric optimization process.
The adsorption energy of C 6 F 12 O molecule on Cu (1 1 1), Al (1 1 1) or Ag (1 1 1) surface was defined using the VOLUME 6, 2018 following equation: (1) in which the E metal and E C6F12O is the total energy of metal surface and C 6 F 12 O molecule, respectively. E C6F12O−metal represents to the total energy of each relaxed initial structure. The Mulliken method was also applied to reveal the charge transfer process during the interaction. The positive total charge transfer Q t represents that electrons transfer from metal surface to C 6 F 12 O molecule and the C 6 F 12 O molecule has negative charge. The negative value of Q t means the electrons transfer from C 6 F 12 O molecule to metal surface after interaction and the C 6 F 12 O has positive charge. The total density of states (DOS), projected density of states (PDOS), electron localization function (ELF) and charge density difference were also explored to further analyze the interaction mechanism between C 6 F 12 O and metals.
III. RESULTS AND DISCUSSION
A. EXPERIMENTAL RESULTS Figure 3 gives the SEM images of copper, aluminum, silver before and after interacting with C 6 F 12 O. It was found that the microscopic structures of copper, aluminum and silver before interaction shows cluster, spherical and lamelliform morphology, respectively. The surface morphology did not has obvious change after 70 days' and 125 days' interaction, indicating that C 6 F 12 O did not constitute serious corrosion to copper, aluminum and silver and the compatibility between them was great. In order to further analyze the element composition and surface chemical states of the metals before and after interaction, all the samples were measured by XPS. Figure 4 gives the XPS spectra of copper. The Gaussian method was adopted during the peak-fit process. According to the high-resolution spectra of Cu 2p shown in Figure 4 (a), we can find that there are four main peaks appears at the binding energies of 932.41eV, 934.35eV, 942.74eV and 952.24eV, which denotes to the Cu2p 3/2 , CuO2p 3/2 , CuO2p 1/2 and Cu2p 1/2 , respectively. The O1s mainly includes Cu/O 2 and CuO which locates at 530.52eV and 531.89 eV. The peak area of CuO has an obvious increasing trend during the interaction process, indicating that the C 6 F 12 O may cause the oxidization of copper. The peaks of C1s mainly appears at 284.85eV and 288.71eV. And another component C=O appears at 293.49eV after the 125days' interaction. This may be ascribed to the C=O of C 6 F 12 O adsorbed on copper surface. The peaks of F1s appears after 70 days interaction and its area increases during the interaction process. Overall, the interaction between C 6 F 12 O and copper introduces fluorine to the copper and generates some metal oxide. Figure 5 shows the XPS spectra of aluminum. The Al2p spectra can be fitted into two peaks, corresponding to the Al (72.81eV) and Al 2 O 3 (74.49eV). And the O1s mainly includes Al 2 O 3 state. The C1s spectra before interaction can be described as two peaks located at 284.79eV and 288.82eV. The peak at 289.26eV is mainly attributed to the COO state. Moreover, the component of C=O at 290.71eV can be found after 70days' and 125 days' interaction, which is attributed to the C=O group in C 6 F 12 O adsorbed on aluminum surface. The peak of F1s has an increasing trend during the interaction process (See Figure 5(d) ). Therefore, the interaction between The XPS spectra of silver is shown in Figure 6 . The peak of Ag3d mainly includes two components located at 386.32eV and 374.24eV, which is attributed to the Ag3d 5/2 state and Ag3d 3/2 state. As to the O1s, the component of AgO can be found at the binding energy of 530.59eV. In addition, two peaks appearing at binding energies of 284.79eV and 287.85eV are attributed to the C1s and COO state. Unlike copper and aluminum, no new peaks in C1s spectra appear after interaction. And the characteristic peak of F1s cannot be found after 70days' and 125 days' interaction (As shown in Figure 6 (d) ). As a whole, there was no significant change in the XPS spectra of silver before and after interaction, indicating that the compatibility between C 6 F 12 O and silver is great. In order to further understand the interaction mechanism between C 6 F 12 O and copper, silver, aluminum, all the initial structures described before have been fully optimized and the minimum energetically favorable adsorption configurations (As shown in Figure 7 ) for each metal can be obtained. Table 1 gives the adsorption properties of C 6 F 12 O on Cu (1 1 1), Al (1 1 1) and Ag (1 1 1) surface with the most energetically favorable configurations. It can be found that the adsorption of C 6 F 12 O on Ag (1 1 1) surface exhibits the lowest adsorption energy (0.894eV) among three metals. This indicates that the interaction between C 6 F 12 O and silver is weaker than that of copper or aluminum, which is consistent well with the experimental results. And the adsorption energy of C 6 F 12 O on Cu (1 1 1) and Al (1 1 1) surface reaches to 0.935eV and 1.151eV, respectively. In addition, the C 6 F 12 O molecule gains electrons from the metal surface after interaction, indicating that the metal surface acts as the electron donor. The total charge transfer of C 6 F 12 O adsorbed on Al (1 1 1) is the highest (0.616 e), followed by the Cu (1 1 1) and Ag (1 1 1) surface. Overall, the interaction between Cu (1 1 1) , Al (1 1 1) and Ag (1 1 1) belongs to the exothermic process and the C 6 F 12 O molecule acts as the electron acceptor.
When C 6 F 12 O adsorbed on Cu (1 1 1) with the most energetically favorable configuration, the O atom in the C 6 F 12 O molecule locates at the Top site of Cu (1 1 1) surface and the adsorption distance is 2.124 Å (see Figure 7 (a)). Figure 8 shows the molecular structure of C 6 F 12 O. It can be found that the bond distance of C=O bond in C 6 F 12 O changes from 1.205 Å to 1.249 Å, indicating the bond strength between C=O bond is reduced after interaction. Similar to that of Cu (1 1 1), the O atom in C 6 F 12 O is closed to Al atom in Al (1 1 1) surface after interaction. The distance between O atom and Al atom is 1.800 Å (see Figure 7 (b) ), which is shorter than that of Cu (1 1 1) . And the bond length of C=O bond increased by 0.108 Å after interaction. As to the C 6 F 12 O adsorbed on Ag (1 1 1) , the adsorption distance is 3.045 Å and the C=O bond only increased by 0.022 Å after interaction, illustrating that O atom has the tendency of keeping away from Ag (1 1 1) and the interaction between C 6 F 12 O and Ag (1 1 1) is weak. Figure 9 shows the TDOS, PDOS and ELF of C 6 F 12 O molecule adsorbed on Cu (1 1 1), Al (1 1 1) and Ag (1 1 1) surface, which can be used to explore the electronic characteristics of the adsorption system and explain the interaction mechanism in details. According to the DOS plots shown in Figure 9 (b), the DOS of C 6 F 12 O left shift by about 3 eV after the C 6 F 12 O adsorbed on Cu (1 1 1) . The four peaks in the range of −7eV∼−10eV (Figure 9 (a) ) congregated into one peak at −9eV∼−12eV, which is mainly attributed to the structure change of C 6 F 12 O. The electron orbitals of O2s, O2p overlapped with the Cu 4s orbital near −9eV. And the O2p orbitals overlapped with Cu 3d orbitals near −3eV∼−4eV. Therefore, the orbital interaction between O atom and Cu atom is strong and there exists orbitals hybridization. In addition, the ELF slice shows that there exists no obvious charge depletion region between O and Cu atom, indicating the O-Cu bond is generated after interaction.
2) ELECTRONIC CHARACTERISTICS ANALYSIS
As to the C 6 F 12 O adsorbed on Al (1 1 1) surface, the DOS of C 6 F 12 O has obvious change in the range of −6∼−10eV. The peak area at −6∼−7eV increased and two peaks at −7∼−8eV congregated into one peak after interaction. The PDOS plots shows that the O2s, O2p orbitals overlapped with Al3s orbitals at −12eV, and the O2p orbitals overlapped with Al3s and Al3p orbitals at −9eV and −11eV.
In addition, the bonding between O atom and Al atom can be confirmed by the ELF slice due to the electron delocalization region scarcely exists between them. Therefore, the interaction between O atom in C 6 F 12 O and Al (1 1 1) surface is strong, which belongs to the chemical adsorption with new chemical bond formed.
For the C 6 F 12 O adsorbed on Ag (1 1 1) , the PDOS plots shows that there is no obvious overlap between the orbitals of O atom and Ag atom after adsorption, indicating that there is no electron orbital hybridization process occurred during the interaction. The ELF slice also indicates that electron delocalized region exists between the C 6 F 12 O and Ag (1 1 1) surface, which confirms that the interaction between them is weak. Figure 10 shows the charge density difference configurations of C 6 F 12 O absorbed on Cu (1 1 1) , Al (1 1 1) and Ag (1 1 1) surface. The blue region denotes to the increase of electrons and the yellow region represents to the decrease of electrons. We can find that the yellow region is mainly concentrate on the metal surface, which confirms that the metal acts as the electrons donor. The blue region mainly located around the O atom and C atom of C=O group, indicating that the C=O group obtains electrons after interaction. The isosurface area of C 6 F 12 O adsorbed on Al (1 1 1) is bigger than that of Cu (1 1 1) and Ag (1 1 1), which is consistent with the Mulliken charge analysis results. Overall, the adsorption properties and electronic characteristics analysis results indicates that the interaction between C 6 F 12 O and Al (1 1 1), Cu (1 1 1) surface is stronger than that of Ag (1 1 1) surface. There exists obvious charge transfer and binding trend between O atom in C 6 F 12 O and Al atom, Cu atom after adsorption. Thus the interaction mechanism between C 6 F 12 O and copper, aluminum belongs to chemical adsorption. While the interaction between C 6 F 12 O and silver is attributed to the physical adsorption process and the van der Waals forces play a major role. The theoretical calculation results effectively explain the element composition and surface chemical states of the metals before and after interaction. Therefore, the compatibility between C 6 F 12 O and silver is greater than that of copper and aluminum. It is recommend to do silver plating on the metal parts inside the equipment using C 6 F 12 O gas mixture as the insulating medium.
IV. CONCLUSION
In this paper, we firstly explored the compatibility between C 6 F 12 O, a potential substitute gas to SF 6 used in the electrical equipment, with copper, silver and aluminum. We tested the compatibility between C 6 F 12 O and metals for 125days and the surface morphology, element composition and surface chemical states of metal samples were analyzed based on the SEM and XPS. Then the DFT calculations were carried out to explore the interaction mechanism between C 6 F 12 O and Cu (1 1 1), Al (1 1 1) and Ag (1 1 1) surface. The adsorption properties and electronic characteristics of the interaction system were revealed. The following conclusions can be obtained:
(1) The interaction between C 6 F 12 O and copper, aluminum introduces fluorine to the metal surface and generates some metal oxide. While there was no significant change in the element composition and surface chemical states of silver after interaction. (2) The interaction between C 6 F 12 O on Al (1 1 1) has the highest adsorption energy while the interaction between C 6 F 12 O on Ag (1 1 1) has the lowest adsorption energy. The C 6 F 12 O acts as the electron acceptor during the interaction. (3) The interaction mechanism of C 6 F 12 O and copper, aluminum is attributed to the chemical adsorption. While the interaction between C 6 F 12 O and silver belongs to the physical adsorption process and the van der Waals forces play a major role. (4) The compatibility between C 6 F 12 O and silver is greater than that of copper and aluminum. It is recommend to do silver plating on the metal parts inside the equipment using C 6 F 12 O as the insulating medium. 
